Here, we report an overview of the phase diagram of single layered and double layered Fe arsenide superconductors at high magnetic fields. Our systematic magnetotransport measurements of polycrystalline SmFeAsO 1−x F x at different doping levels confirm the upward curvature of the upper critical magnetic field H c2 (T ) as a function of temperature T defining the phase boundary between the superconducting and metallic states for crystallites with the ab planes oriented nearly perpendicular to the magnetic field. We further show from measurements on single crystals that this feature, which was interpreted in terms of the existence of two superconducting gaps, is ubiquitous among both series of single and double layered compounds. In all compounds explored by us the zero temperature upper critical field H c2 (0), estimated either through the Ginzburg-Landau or the Werthamer-Helfand-Hohenberg single gap theories, strongly surpasses the weak coupling Pauli paramagnetic limiting field. This clearly indicates the strong coupling nature of the superconducting state and the importance of magnetic correlations for these materials. Our measurements indicate that the superconducting anisotropy, as estimated through the ratio of the effective masses γ = (m c /m ab ) 1/2 for carriers moving along the c-axis and the ab planes, respectively, is relatively modest as compared to the high-T c cuprates, but it is temperature, field and even doping dependent. Finally, our preliminary estimations of the irreversibility field H m (T ), separating the vortex-solid from the vortex-liquid phase in the single layered compounds, indicates that it is well described by the melting of a vortex lattice in a moderately anisotropic uniaxial superconductor.
Introduction
The iron-based oxypnictides represent a novel class of superconductors which, with the exception of the cuprates, have the highest known superconducting transition temperature T c [1, 2] . Several series of these compounds have been synthesized in the last year, but throughout this manuscript we will mostly focus on the properties of the single-layered oxypnictide LnFeAsO 1−x F x (Ln is a lanthanide), or the so-called 1111 compounds, and on the AEFe 2 As 2 (AE is an alkaliearth metal), or the so-called 122 compounds.
Both electric transport measurements and electronic band structure calculations suggest that undoped oxypEmail address: balicas@magnet.fsu.edu (L. Balicas ) nictides are semimetals [3] . There is an approximate nesting between the hole Fermi surface (FS) centered at the Γ point and the electron FS centered at the M point, which may lead to a spin-density wave (SDW) like instability state observed at low temperatures [4, 5] . According to neutron diffraction studies, the magnetic structure of undoped pnictides is composed of antiferromagnetically coupled ferromagnetic chains [6] . Superconductivity in the 1111 or electron doped compounds would occur when part of the Fe 2+ ions are replaced by Fe + , which is expected to suppress the antiferromagnetic instability.
Several superconducting pairing mechanisms based on the multi-band nature of these compounds have been proposed. Dai et al. [7] suggested a spin-triplet pairing mechanism with even parity due to ferromagnetic spin fluctuations between electrons in different orbitals. Lee and Wen [8] argued that the strong Hunds rule ferromagnetic interaction in Fe pnictides can lead to a pairing instability in the spin-triplet p-wave channel in the weak coupling limit, so that the superconducting gap would have nodal points on the two-dimensional Fermi surfaces. While Lee et al. suggested that because of the frustrating pairing interactions among the electron and the hole fermi-surface pockets, a s + id pairing state with broken time reversal symmetry could be favored [9] . Perhaps, the model that is currently more widely accepted is the so-called extended s ± -wave model, which predicts a π shift between the order parameters on the hole and the electron Fermi surface sheets [4] . In this scenario, the unconventional pairing mechanism is mediated by antiferromagnetic spin fluctuations. In fact, inelastic neutron scattering in the Ba 0.6 K 0.4 Fe 2 As 2 compound reveals the emergence of a localized resonant magnetic excitation below the superconducting transition temperature [10] . This type of excitation is expected for a superconducting order parameter which has opposite signs in different parts of the Fermi surface as in the s ± scenario. A general overview of the different pairing scenarios in oxypnictides is given by Mazin and Schmalian in this volume [11] .
It is interesting to mention a recent photoemission report [12] claiming the existence of an underlying electronic (π, π) order in Ba 1−x K x Fe 2 As 2 , previously seen in the cuprates [13] and claimed to be perhaps at the origin of the observed small Fermi surface pockets, as also seen in underdoped YBa 2 Cu 3 O 7+δ [14] . Thus the coexistence and non-trivial interplay of different order parameters seems to be an essential ingredient for high temperature superconductivity, in either the cuprates or the oxypnictides.
As for the existence of multiple superconducting gaps owing to the multi-band nature of the Fe arsenides the situation is still somewhat inconclusive. Several point contact spectroscopy studies yield contradictory results, with evidence for both single [15] and multi-gap superconductivity [16] . The latter does not invalidate the multiband pairing scenario but rather indicates that the gaps of approximately equal magnitudes may reside on different disconnected sheets of the Fermi surface. At the same time, detailed local magnetization measurements via Hall probe magnetometry [17] , photoemission [18, 19] and neutron [10] measurements are consistent with a two-gap superconducting scenario for the 122 compounds.
The exact shape of the H − T superconducting phase diagram can help distinguish between different theoretical scenarios. Moreover, magnetotransport measurements under strong magnetic field can also determine the temperature dependence of the irreversibility field, which is one of the key parameters quantifying the potential of the oxypnictides for future power applications. However, it is already clear [20, 21] that these compounds are characterized by tremendously large upper critical fields, requiring very high magnetic field techniques to explore the overall complexity of their superconducting phase diagram. This is in turn a very encouraging result for applied superconductivity.
There have been already several reports on the physical properties of the Fe arsenides at very high magnetic fields. Two relevant reports, provide i) evidence for two-gap superconductivity to explain the upward curvature of the upper critical field as a function of temperature for fields along the c-axis direction in 1111 compounds [20, 21] , and ii) an evidence that the H c2 (T ) of the 122 compounds is weakly anisotropic despite the two-dimensional character of their Fermi surface, thus indicating that a strong anisotropy may not be instrumental for the high-T c superconductivity in the Fe arsenides [22] .
One of the greatest challenges at the moment is to achieve the synthesis of high quality single crystals, and to explore their phase diagrams at very high fields not only by traditional magnetotranport measurements but also by thermodynamic means. Here, we provide a brief overview of our initial efforts in this direction.
Experimental
Polycrystalline samples with nominal composition SmFeAsO 1−x F x were synthesized in Heifei by conventional solid state reaction using high-purity SmAs, SmF 3 , Fe and Fe 2 O 3 as starting materials. SmAs was obtained by reacting Sm chips and As pieces at 600
• C for 3 h and then 900
• C for 5 h. The raw materials were thoroughly ground and pressed into pellets. The pellets were wrapped in Ta foil, sealed in an evacuated quartz tube, and finally annealed at either 1,160
• C or 1,200 • C for 40 h. X-ray diffraction (XRD) pattern for a sample annealed at 1,160
• C did reveal trace amounts of the impurity phase SmOF [2] .
For the growth of SmFeAsO 1−x F x single crystals at ETH [23] , FeAs, Fe 2 O 3 , Fe and SmF 3 powders were used as starting materials and NaCl/KCl was used as flux. The precursor to flux ratio varied between 1:1 and 1:3. Pellets containing precursor and flux were placed in a BN crucible inside a pyrophyllite cube with a graphite heater. Six tungsten carbide anvils generated pressure on the whole assembly (3 GPa was applied at room temperature). While keeping pressure constant, the temper-2 ature was ramped up within 1 h to the maximum value of 1350-1450
• C, maintained for 4-10 h and decreased in 5-24 h to room temperature for the crystal growth. Then pressure was released, the sample removed and in the case of single crystal growth NaCl/KCl flux was dissolved in water. Below, in our discussion concerning the irreversibility line in the 1111 compounds, we include some measurements previously reported by us in Ref. [21] in NdFeAsO 0.7 F 0.3 single crystals (see Ref. [24] for the details concerning the sample synthesis) which were originally used to extract the boundary between metallic and superconducting states at high fields.
The results reported here on 122 compounds were measured on single crystals of BaFe 2−x Co x As 2 and Ba 1−x K x Fe 2 As 2 grown at Hefei by the self-flux method. In order to avoid contamination from incorporation of other elements into the crystals, FeAs was chosen as self-flux. FeAs and CoAs powder was mixed together, then roughly grounded. The Ba pieces were added into the mixture. The total proportion of Ba:(2-xFeAs+xCoAs) is 1:4. For more details, see Ref. [25] . A similar procedure was used to synthesize single crystals of Ba 1−x K x Fe 2 As 2 . For electrical transport measurements, polycrystalline samples were cut into bar shaped pieces. Contacts for the standard four probe measurements were made by attaching gold wires with silver epoxy. Contacts in single crystals were made by the focused-ionbeam technique as described in Ref. [24] . For the magnetic torque measurements a SmFeAsO 0.8 F 0.2 singlecrystal was attached to the tip of a piezo-resistive microcantilever which was itself placed in a rotator inserted into a vacuum can. Changes in the resistance of the micro-cantilever associated with its deflection and thus a finite magnetic torque τ was measured via a Wheatstone resistance bridge. The ensemble was placed into a 4 He cryostat coupled to a resistive 35 T dc magnet. For the transport measurements we used a combination of pulsed and continuous fields including the 45 T hybrid magnet of the National High Magnetic Field Lab in Tallahassee. not see a very pronounced broadening of the superconducting transition under strong fields, in marked contrast with the thermally-activated broadening seen in the cuprates [27] . Although, both polycrystalline and single crystalline SmFeAsO 1−x F x samples exhibit clear signatures for thermally-activated flux-flow [21] indicating the existence of a vortex-liquid state over a broad range of temperatures and magnetic fields. The broad peak seen in the resistivity above the superconducting state for x = 0.1 results from a remarkable magnetoresistive effect observed only in the under-doped compounds, i.e. x < 0.15, a behavior previously reported by us in Ref. [28] where we drew a comparison with the underdoped cuprates. In this case, the onset of the resistive transition under field was defined as 90 % of the value of the resistivity maximum in the normal state just above the transition.
Results and discussion

Polycrystalline material
The conventional way of analyzing the resistive transition in a polycrystalline layered material like SmFeAsO 1−x F x is to assume that the onset of the superconducting transition is dominated by those crystallites with the ab planes oriented nearly along the magnetic field direction. In turn, the bottom of the resistive transition (at which the resistivity ρ(T, H) drops below 10% of its normal state value ρ n ) would be dominated by either those crystallites with the ab plane oriented perpendicular to the magnetic field or by the melting of the vortex lattice, as has been observed in the cuprates. Thus, by measuring the temperatures of the onset and the foot of the resistive transition under field, one can infer the the temperature dependencies of the upper critical fields H c2 for both field orientations. But a word of caution is needed here. For polycrystalline material the width of the superconducting transition under field is affected by several factors including vortex fluctuations and the coupling strength between the grains. Thus, the foot of the transition in polycrystalline material may not reflect the actual behavior of H c c2 for fields applied along the inter-plane direction if the Ginzburg parameter is of the order of 10 −2 like in YBCO [21] . In 122 compounds and in the La based 1111 compounds the fluctuation Ginzburg parameter Gi is of the order of 10 −4 indicating that vortex fluctuations are not that important, and the foot of the resistive transition does reflect the true behavior of H c c2 (T ) [20] . The situation becomes more complicated in Nd and Sm 1111 compounds, for which Gi is of the same order as in YBCO [21] . Nevertheless, as we will see below, there is a qualitative agreement between the behavior of H c c2 estimated for polycrystalline material, and the behavior of H c c2 measured in single crystals where it can be defined as a true onset of superconductivity at 90% or 99% of the normal state resistivity for the corresponding field orientation. Figure 2 shows the respective phase diagrams for the different doping levels displayed in Fig. 1 . Dark blue symbols correspond to the onset of the superconducting transition (corresponding to 90 % of the resistivity of the normal state just prior to the resistive transition), blue markers depict the midpoint of the transition, while red ones correspond to the foot the superconducting transition defined as ρ(T, H) = 0.1ρ n . Green markers indicate the position in field and temperature where the resistivity of our samples drops below our experimental sensitivity. These points could reflect the behavior of the irreversibility field if one could neglect inter-or intra-granularity effects which are relevant for polycrystalline material. As we will see below, this "irreversibility field" obtained in this way behaves very 4 differently from the melting field H m measured in single crystals. Furthermore, as is clearly seen in Fig. 2 , these points move very quickly to low temperatures as small fields are applied, which would either suggest an extreme two-dimensionality (which contradicts the observed anisotropy in H c2 and in the ρ for these materials) or strong granularity effects.
Two important aspects can be clearly seen from the data: i) the extrapolation of the upper critical fields to zero temperature H c2 (0) estimated either from the slope of H c2 (T )| T →T c through the Werthamer-HelfandHohenberg expression or through the simple phe- . The observation ii) has been interpreted in terms of a two-gap superconducting pairing [20] , in line with the extended s-wave model [4] . As was first pointed out by Ref. [29] , polycrystalline 1111 materials exhibit an appropriate scaling, which enable us to collapse all the graphs in Fig. 2, i.e. all the superconducting phase diagrams for the different doping levels, in a single diagram as shown in Fig. 3 (a) . Here the points correspond respectively, to the onset, middle point and foot of the resistive transitions under field normalized with respect to the square of their values for the superconducting transition temperature (T . In other words, as argued in Ref. [29] , despite the presence of impurity phases, as discussed in the previous section, and the granularity inherent to a polycrystalline material, the coherence lengths in this material are small enough for the Cooper pairs not to be significantly affected by the impurities, grain size or inter-grain coupling. There are two main differences between this graph and a similar one shown in Ref. [29] . Both estimations suggest that γ increases with F content saturating at a value ∼ 3.5. It is nevertheless quite unexpected that one is able to find such a scaling relation when the anisotropy is changing with the doping content. It is actually even more remarkable given the fact that this relation does not hold in double layered single crystals, which one would expect to be cleaner, as we will discuss below.
Single-crystals of single-layered compounds
The high T c values and the extremely high upper critical fields of the oxypnictides [20] could make them promising candidates for power applications if, unlike the layered cuprates, a sizeable vortex liquid region responsible for dissipative flux-flow does not dominate a large portion of their temperature-magnetic field (T −H) phase diagram. Therefore it is important to study the response of the anisotropic magnetization in the vortex state of the oxypnictides, in particular, the extent to which vortex properties are affected by strong magnetic correlations, multiband effects and a possible interband phase shift between order parameters on the different sheets of the Fermi surface [30] . For instance, multiband effects are known to manifest themselves in MgB 2 as a strong temperature and field dependency of the mass anisotropy parameter γ(T, H) and of the London penetration depth λ(T, H) even at H ≪ H c2 [31, 32] . 
(T, H).
In this situation torque magnetometry is the most sensitive technique to measure fundamental anisotropic parameters in m(T, H) particularly in small single crystals. The torque τ = m×H acting upon a uniaxial superconductor is given by [33, 34] τ(θ) = HVφ 0 (γ 2 − 1) sin 2θ
where V is the sample volume, φ 0 is the flux quan- tum, H ab c2 is the upper critical field along the ab planes, η ∼ 1 accounts for the structure of the vortex core, θ is the angle between H and the c-axis, ε(θ) = (sin 2 θ + γ 2 cos 2 θ) 1/2 and γ = λ c /λ ab is the ratio of the London penetration depths along the c-axis and the ab-plane. The first term in Eq. (1) was derived by Kogan in the London approximation valid at H c1 ≪ H ≪ H c2 [33] . The last term in Eq. (1) describes the torque due to the paramagnetism of the lanthanide oxide layers and possible intrinsic magnetism of the FeAs layers. Here, τ m = (χ c − χ a )VH 2 /2 and χ c and χ a are the normal state magnetic susceptibilities of a uniaxial crystal along the c axis and the ab plane, respectively.
As we showed recently [35] , the paramagnetic term in Eq. (1) in SmO 0.8 F 0.2 FeAs single crystals with T c ∼ 45 K can be larger than the superconducting torque, which makes extraction of the equilibrium vortex magnetization rather nontrivial. This problem was circumvented by applying a simple mathematical procedure, which enabled us to unambiguously extract the superconducting component of the torque from the data by fitting the 6 sum τ av (θ) + τ av (θ + 90
• ), in which the odd harmonics due to the paramagnetic component cancel out:
where ε ⋆ (θ) = (cos 2 θ + γ 2 sin 2 θ) 1/2 and η ≃ 1. The above discussion is illustrated by Figure 4 . For instance, Fig. 4 (a) shows τ(θ) for a SmO 0.8 F 0.2 FeAs single crystal in a limited angular range and for both increasing and decreasing angular sweeps at T = 27 K and H = 3 T. The reversible component τ av (θ) is extracted by taking the average of both ascending and descending branches of τ(θ). This procedure gives a characteristic behavior of τ av (θ) almost perfectly described by Eq. (1) represented by the red line. The fit yields a value γ ≃ 11.5 and a value for H ab c2 = γH c c2 that is considerably lower than the value extracted from our polycrystalline samples having a similar T c (shown in Fig. 5  (b) ). The reason is that the direct 3 parameter fit using Eq. (1) is not very stable, allowing many different fit parameters to give equally good description of the torque data.
As mentioned above, the paramagnetic torque component τ m ∝ H 2 becomes particularly pronounced at very high fields for which it can become larger than the equilibrium superconducting torque τ s ∝ Hln(H c2 /H). As a result, the application of the procedure based on Eq. (2) becomes the only way to unambiguously extract the relatively small component τ s from the torque data. This is illustrated by Fig. 4 (b) which shows τ av (θ), τ av (θ+90
• ) and τ av (θ)+τ av (θ+90 • ), as a function of θ for H = 3 T and T = 30 K. As follows from Fig. 4(b) , the component of the torque due solely to the superconducting response shows a sharper and less "rounded" angular dependence. The important aspect is that this procedure not only gives a smaller value for γ = 8.7 but it also leads to an H c c2 value, which is more consistent with our transport measurements in polycrystalline material. Although a word of caution is needed here. In multi-band superconductors, as is possibly the case for the oxypnictide superconductors, the superconducting anisotropy as extracted from the ratio of penetration depths may differ considerably from the anisotropy as extracted from the ratio of the upper critical fields. The Kogan formalism was developed assuming a single band scenario although it was latter extended to include possible differences among both anisotropies [34] . Given the lack of a proper multi-band formalism to analyze our torque data, our current strategy is to extract H c c2 and H ab c2 from transport measurements in our single crystals, introduce both H c c2 and the anisotropy ratio in H c2 within the extended Kogan formula [34] re-fitting our original data to extract the anisotropy in penetration depth, after subtraction of the paramagnetic component. Following our work, a similar strategy was already applied by Ref. [37] . This would avoid discrepancies in H c c2 extracted from the transport and the torque data and among the values of H c c2 extracted from different torque data sets, these [35] and those of Ref. [36] . The ability to perform transport measurements in these single crystals was developed only very recently. We expect, nevertheless that our main broad conclusions concerning the qualitative dependence of the anisotropy in temperature and field will remain valid. Figure 5 (a) shows a data set of τ av (θ) taken under H = 30 T and for several temperatures, for which we applied the procedure illustrated by Fig. 4 (b) . As discussed in Ref. [35] , our systematic study of τ av (θ) gives γ(H, T ), which exhibits the field and temperature dependencies similar to those previously seen in MgB 2 , further supporting the two-gap scenario for the single layered oxypnictides. For fields all the way up to 30 T, we could not detect any noticeable effect of the field on the in-plane penetration depth (or equivalently on the superfluid density) that would indicate the suppression of a superconducting gap in one of the bands. This is remarkable, since as seen in Fig. 5 (open markers), extracted from two sets of torque data measured at respectively 3 and 30 T and in the temperature range between 25 and 30 K, and suggests strong coupling superconductivity (perhaps two very strongly coupled gaps), or perhaps even an abrupt first order transition [38] .
Evaluation of the irreversibility line.
Using the torque magnetometry technique it is also possible to extract the irreversibility field H m (T ) by sweeping the field up and down at a given temperature and measuring the hysteretic magnetization loop,
The field at which the magnetization loop closes defines the irreversibility line H m (T ) that separates pinned vortex vortex solid and vortex liquid states. Below the irreversibility field the torque measurement of the irreversible component of the magnetization ∆m(H) = ∆τ(H)/H enable us to use the Bean critical state model [39] to extract the critical current density of a superconductor, J c = k∆m(H)/R, and the pinning force [43] , but with a different definition of the reduced field, h = H/H irr so that the critical current vanishes at H irr . Figure 6 (a) shows raw torque normalized by the field data for a SmOFeAs 0.8 F 0.2 single crystal as a function of field H applied nearly along the c-axis, or more precisely for an angle θ ≃ 5 ± 1
• between H and the caxis of the crystal as measured via a Hall probe. A very strong hysteresis, i.e., the irreversible component in the τ(H)/H, emerges as the temperature is lowered, from which we can estimate the overall behavior of F p . In the cuprates the pinning force curves taken at different temperatures often collapse into a scaling relation
is the maximum pinning force, and h = H/H irr [44] . As follows from Fig. 6 (b) , the resulting pinning curves for the oxypnictides also tend to collapse into an asymptotic behav- ior given by the expression 2 , similar to that of the Kramer model [42] in which J c is determined by shear depinning of the vortex lattice. Figure 6 (b) also shows the asymptotic behavior [44] .
The irreversibility field H irr extracted from the analysis described above exhibits the temperature dependence H irr (t) ∝ (1 − t)/t α with α ≈ 1 for NdOFeAs 0.7 F 0.3 , and α ≈ 0.6 for SmOFeAs 0.8 F 0.2 (see 8 Fig. 7b) . Such behavior of H irr (T ) is similar to that of the melting field of the vortex lattice in moderately anisotropic uniaxial superconductors, for which H m (t) ∝ t −α (1 − t) β with 1 < α < 2, 1 < β < 2 [47] . This temperature dependence along with the fact that H irr lies noticeably below H c2 indicate that vortex fluctuations in 1111 oxypnictides are rather strong, consistent with the estimations of the Ginzburg number Gi, which characterizes fluctuations of the order parameter near T c . As shown earlier [21, 29] , the value of Gi ∼ 10 −2 for NdOFeAs 0.7 F 0.3 and SmOFeAs 0.8 F 0.2 is of the same order of magnitude as Gi for YBa 2 Cu 3 O 7−x .
Significant vortex fluctuations in NdOFeAs 0.7 F 0.3 single crystals also manifest themselves in the clear Arrhenius plot of the resistance shown in Fig. 7(a) . This data that was already reported in Ref. [21] , provide an unambiguous evidence for thermally-activated vortex dynamics in 1111 oxypnictides in a wide range of temperatures and fields. Our goal here is to evaluate H irr from these transport measurements in order to compare it with H irr extracted from our torque measurements in SmOFeAs 0.8 F 0.2 . For NdOFeAs 0.7 F 0.3 , which has a T c close to the value reported for our SmOFeAs 0.8 F 0.2 single crystal, we define the irreversibility field at which the resistivity drops below our experimental sensitivity (horizontal line in Fig. 7 (a) ). As follows from Fig.  7 (b) , the agreement between our crude estimate from the transport data and the H irr extracted from the torque data is quite remarkable, except perhaps for the points from the transport data at the highest fields which are subjected to a lower signal to noise ratio.
Single-crystals of double-layered compounds
In this section we present a detailed high field magneto-transport study in the so-called double layered or 122 Fe arsenide compounds with the goal of extracting their phase diagram and drawing a comparison with the previously presented data on the 1111 compounds by addressing the following questions. Is the upward temperature dependence of H c2 (T ) along the c-axis a general feature of the Fe arsenide compounds? To what extent does a magnetic field broaden the phase diagram of the 122 compounds as compared to that of the 1111s, or in other words, how similar is the vortex physics of the 122s with respect of that of the 1111s? Are the upper critical fields of these compounds at low temperatures as tremendously enhanced with respect to the weak coupling Pauli limiting field as those of the 1111 compounds? Is there any possibility of observing new superconducting phases, such as the Fulde-Ferrel-LarkinOvchinnikov (FFLO) state [48] in these compounds?
The search for answers to these questions was the motivating factor behind our preliminary exploration of the 122 compounds. Figure 8 
